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1) The exposure of asthmatics to specific antigens causes airway symptoms which can be generally distinguished into two predominant airway reactions, an immediate airway response (IAR) and a late airway response (LAR). 2, 3) The pharmacological profiles of antigen-induced IAR and LAR have been determined using animal models, especially in the guinea pig. For example, it is known that antileukotrienes reduce LAR in guinea pig, while antihistamines do not. 4, 5) On the other hand, inhalation of a b 2 -agonist like salbutamol, which directly inhibits the contraction of airway smooth muscle, diminishes IAR but not LAR. 6) Further, anti-IL-5 monoclonal antibody decrease infiltration of eosinophils into the tracheal wall, and also markedly suppresses the development of LAR in guinea pig. 7) In recent years, the pharmaceutical targets for new asthmatic drugs have become more immunologically diverse and specific, and detailed immunological analysis of mechanisms in animal models is required to determine with precision the efficacies of new drug candidates. However, the guinea pig model is not sufficient for this purpose, since immunological and genetic research on guinea pigs has not been performed in detail.
In this regard, we have examined the pharmacological and immunological characteristics of ovalbumin (OVA)-induced IAR and LAR in the rat. Briefly, rat IAR exhibits diverse immunological characteristics, i.e. a quick phase (3-6 min after challenge) caused by the exocytosis of mediators in CTMCs and an early phase (6-30 min after challenge) mediated by leukotriene (LT) and TXA 2 . 8) In addition, repeated antigen inhalation by sensitized rats converts IAR to LAR, a reaction triggered by antigen-specific immunoglobulin G (IgG). 9) In the present study, the pharmacological profiles of rat LAR were examined using rat LAR model. To clarify the pharmacological profile of rat LAR, the effects of antiasthmatic drugs including salbutamol (b 2 -agonist), ketotifen (antihistamine), pranlukast (anti-leukotriene C 4 /D 4 /E 4 ), and prednisolone (steroid) were evaluated. In addition, the involvement of cell infiltration in bronchoalveolar lavage fluid (BALF) and pulmonary edema in LAR were investigated in the rat model.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley (SD) rats were purchased from Charles River Japan, Inc. (CRJ, Yokohama, Japan) and individually housed in plastic cages maintained under specific pathogen-free conditions at a room temperature of 23.0Ϯ3.0°C and air humidity of 55Ϯ15% in a 12-h light/dark cycle environment. The rats were given a standard laboratory chow diet (CRF-1, Oriental Yeast, Tokyo, Japan) and water ad libitum. All experiments complied with the Guidelines for Animal Experimentation of our laboratories.
Compounds The antihistamine ketotifen (Sigma-Aldrich Co.); anti-LT (leukotriene C 4 /D 4 /E 4 receptor antagonist) pranlukast (Ono Pharmaceutical Co.), and steroid prednisolone (Sigma-Aldrich Co.) were prepared in 0.5% (w/v) methylcellulose (MC) solution in distilled water, and administered 1 h before OVA challenge. A vehicle group was administered only 0.5% MC. A saline group consisted of sensitized rats that were administered 0.5% MC and inhaled aerosolized saline.
Salbutamol (Wako, Osaka, Japan) was prepared 0.2% in saline, and inhaled via nebulizer for 5 min just before Penh measurement at 3 h to examine the direct effect on contraction of airway smooth muscle. A vehicle group inhaled saline alone.
OVA-Induced Airway Response SD rats were sensitized on days 0, 1, and 2 by intraperitoneal injection of 10 mg of OVA (albumin from chicken egg white grade V, SigmaAldrich Co.) and 10 mg of Alum (Imject Alum, PIERCE) in saline. On day 14, rats were challenged with exposure to aerosolized 0-5% (w/v) OVA in saline for 5 min. Aerosol challenge was performed with groups of up to 4 rats in a closed chamber attached to an ultrasonic nebulizer (NE-U17; Omron Co., Tokyo, Japan). An indicator of airway response (Penh) was measured by barometric plethysmography using whole-body plethysmography (WBP; Buxco, Troy, NY, U.S.A.) under the pre-conditioned room temperature and humidity. 10, 11) Penh values are a function of the sum of airflows in the airways during the respiratory cycle, 12) and potentially existing strain-related differences, such as described in mice. 13, 14) However, Kirschvink et al. (2005) suggested by comparing Penh with R(L) that Penh can be used as an index of airflow limitation in spontaneously breathing under welldefined experimental condition in SD rats. 15) Rats were placed in the main chamber immediately after challenge, and Penh values were continuously measured for 8 min and averaged at each time point.
BALF Preparation and Analysis BALFs were collected at each time point after OVA challenge. Briefly, rats were deeply anesthetized by ethyl ether inhalation and exsanguinated from the abdominal aorta. BALF was collected through a bronchial cannula that was connected with a syringe using 8 ml of phosphate-buffered saline (PBS) containing 0.5% BSA, 2 mM EDTA, and 10 mM AA-861 (5-lipoxygenase inhibitor). The number and cell differential of leukocytes in the BALF were determined using a hematology analyzer (ADVIA 120, Bayer Medical, Tokyo, Japan) set in the rat hematology analysis mode.
Measurement of Wet and Dry Lung Weight At various time points after OVA challenge, rats were deeply anesthetized by ethyl ether inhalation and exsanguinated from the abdominal aorta. Whole lung was harvested, and wet weight was measured after trimming of extra tissue. After measuring wet weight, lungs were dried at 60°C overnight, and the weight of dried lungs was then measured. Percentage water content in lung was calculated as follows:
Percentage of water contentsϭ100ϫ{(wet lung weight)Ϫ (dry lung weight)}/(wet lung weight).
Statistical Analysis All results are the meanϮstandard error (S.E.). For comparisons of two groups, the AspinWelch t-test (if data were unequal in variance) or Student t-test (if data were equal in variance) was used. Findings of pϽ0.05 were considered significant.
RESULTS
OVA-Induced IAR on Day 14 and LAR on Day 21
The first antigen inhalation on day 14 by sensitized rats increased Penh immediately after challenge, but not at 3 h after challenge (Fig. 1A) . This immediate reaction was nearly completed within 30 min after challenge. Further, the second antigen inhalation on day 21 gradually increased Penh, which peaked at 3 h after OVA challenge, while the immediate reaction exhibited on day 14 was decreased in intensity on day 21 (Fig. 1B) . Saline inhalation induced no marked responses on either day 14 or day 21.
BALF Cell Infiltrations in IAR and LAR Comparisons of numbers of BALF cells between IAR and LAR revealed that although numbers of total blood cells and neutrophils did not differ significantly, numbers of eosinophils at 1, 3, and 6 h in LAR were significantly higher than those of IAR (Table 1) .
Pharmacological Profiles of LAR Inhalation of 0.2% salbutamol at 3 h after challenge exhibited no effect on Penh (Fig. 2) .
The effects of ketotifen, pranlukast, and prednisolone on antigen-induced airway responses are shown in Fig. 3A . Oral administration of ketotifen 30 mg/kg or pranlukast 100 mg/kg had no effect on LAR, while prednisolone 30 mg/kg significantly attenuated increase in Penh.
The effects of drugs on antigen-induced eosinophil infiltrations in BALF are shown in Fig. 3B . Ketotifen and pranlukast exhibited no significant effects on eosinophil infiltration. However, prednisolone significantly decreased the number of eosinophils in BALF. Although prednisolone tended to decrease total numbers of blood cells and numbers of neutrophils in BALF, these effects were not significant (data not shown).
Time Course Changes in Lung Water Content In the OVA inhalation group, which exhibited LAR, the percentage of water content in lung was significantly increased at 3 h after OVA challenge compared to that in the saline inhalation group (Fig. 4) .
DISCUSSION
In the present study, the pharmacological and pathophysiological characteristics of rat antigen-induced LAR were examined. Only the numbers of eosinophils during LAR were significantly higher than those during IAR. Prednisolone attenuated LAR and eosinophil infiltration, while salbutamol, ketotifen, and pranlukast each exhibited no effect on LAR. Further, the percentage of water contents in lung increased 3h after challenge. These findings suggest that antigen-induced LAR is a response involving pulmonary edema and At various time point after challenge, rats were deeply anesthetized and exsanguinated from the abdominal aorta. Whole lung was harvested, and wet weight was measured after trimming of extra tissue. After measuring wet weight, lungs were dried at 60°C overnight, and the weight of dried lungs was then measured. Percentages of water content in lung were calculated from wet lung weight and dry lung weight. Values are the meanϮS.E.M. (nϭ3-6). * * pϽ0.01 (significantly different from saline inhalation group). not contraction of airway smooth muscle. This pulmonary edema is not mediated by histamine or leukotriene C 4 /D 4 /E 4 , but might involve eosinophil infiltration.
The involvement of cell infiltration in antigen-induced LAR has thus far been examined using animal models. 16, 17) However, most animal models including those in mouse and guinea pig exhibit both IAR and LAR with the same antigen inhalation, making it difficult to directly examine the relationships between cell infiltration and airway response. In our rat model, since IAR and LAR were independently induced on different days, differences between IAR and LAR could be clearly determined. During LAR, eosinophil number but not neutrophil number was significantly higher than during IAR. These findings suggest that infiltration of eosinophils into lung is involved in the induction of antigen-induced LAR but not IAR.
It was reported that metyrapone, an 11 b-hydroxylase inhibitor, decreased OVA-induced rat LAR 18) and that pranlukast inhibited CD4
ϩ T cell-driven rat LAR, 19) while OVA plus zymosan-activated serum induced rat LAR. 20) Further, pretreatment with montelukast or methylprednisolone inhibited OVA-induced LAR under anesthesia by reducing the production of leukotrienes in the lung. 21) However, the effects of b 2 -agonist and antihistamine on rat LAR have not been previously evaluated. In the present study, salbutamol, ketotifen, and pranlukast exhibited no effects on either LAR or eosinophil numbers in BALF, whereas prednisolone significantly suppressed both LAR and eosinophil number (Figs. 2, 3) The doses of salbutamol, ketotifen and pranlukast used in this study were considered sufficient for examination, since they completely suppress antigen-induced immediate reactions in rats. 22) In our previous study, salbutamol completely suppressed the rat IAR, whereas ketotifen and pranlukast partially inhibited. 8) These findings thus indicated that bronchoconstriction play a role in rat IAR but not in rat LAR, consistent with the findings of a previous study in guinea pig. 4, 6) On the other hand, LT is involved in rat IAR but not in rat LAR. In clinical studies of asthma, anti-LTs reduced antigen-induced LAR by only about 50%, 23, 24) suggesting that other mechanisms not related to LT are involved in LAR. Further studies are needed to examine the mediators involved in LAR.
Percentage water content in lung was significantly increased at 3 h (Fig. 4) , indicating that pulmonary edema plays a role in LAR. Submucosal edema was observed in Ascaris suum extract-induced guinea pig LAR, 25) and repeated exposure to OVA in sensitized guinea pigs induced perivascular edema. 26) Moreover, increase in vascular permeability may be an important factor in the pathogenesis of Ascaris suum antigen-induced dog LAR. 27) These previous results are consistent with our finding that pulmonary edema is observed in antigen-induced LAR.
Activated eosinophils are potent effector cells and can cause pulmonary vasoconstriction, bronchoconstriction, and vascular endothelial injury without widespread plugging of capillaries by aggregated eosinophils.
28) It has also been reported that eosinophil peroxidase (EPO) altered airway epithelial permeability in the guinea pig.
29) The role of eosinophils in the clinical manifestation of asthma has recently been questioned, because anti-interleukin (IL)-5 therapy couldn't improve clinical symptoms in patients with asthma. In these clinical study, eosinophils in peripheral blood were largely depleted after anti-IL-5 treatment, however residual eosinophilia in tissue persisted, which permits speculation that the remaining eosinophils may be sufficient to drive the asthma symptomatology. 30) In the case of rat LAR, numbers of eosinophils in the induction phase, such as 1, 3, 6 h after challenge, were significantly higher than those of IAR, but numbers at 24 h weren't. We have reported that these observations suggest that the eosinophils in lung might have some role in the early induction phase of antigen-induced LAR.
In conclusion, antigen-induced LAR is a response involving pulmonary edema and not contraction of airway smooth muscle. Moreover, this pulmonary edema is not mediated by histamine or leukotriene C 4 /D 4 /E 4 , but might involve eosinophil infiltration. This is the first comprehensive study of the profiles of rat antigen-induced LAR, and these analyses of rat LAR improve understanding of the diverse mechanisms underlying human asthmatic diseases.
